Two magnetically isolated cuprate spin ladder have been synthesized. Their crystal structures, and preliminary investigation into the magnetic properties were reported. magnetically isolated spin-ladder model with a ladder-rung magnetic interaction J 1 /k B = 364 K (where J is defined as positive for antiferromagnetic interactions) and a ladder-leg magnetic interaction J 2 /k B = 27.4 K accurately predicts the temperature dependence of the molar magnetic susceptibility for 1. The ladder configuration of 2 is similar to that of 1 except that the CO 3 2-is alternately skewed in different directions in the stacked structural unit. Interestingly, this minor structural variation in 2 results in its remarkably different magnetic behavior; the magnetic susceptibility curve of 2 is accurately described by an alternating chain model with J 3 /k B = 7.26 K and J 4 /k B = 4.42 K.
Introduction
Understanding the mechanism of superconductivity can have a significant impact in the fields of condensed-matter physics and material science. Among the various superconductors discovered, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] cuprate superconductors are the most exciting materials and have been extensively studied because of their high critical temperature (T c ). High-T c superconductivity in these materials is attributed to the characteristic twodimensional CuO 2 sheet structure with doped carriers. 3, 4 The simplest form of the CuO 2 sheet structure, i.e., spin-ladder system obtained by shearing CuO 2 sheets, [12] [13] [14] [15] has attracted significant attention. Spin ladders are a family of quasi-onedimensional magnetic systems composed of odd or even numbers of antiferromagnetic Heisenberg chains, which are antiferromagnetically coupled to each other. Theoretical calculations [13] [14] [15] and experimental results [16] [17] [18] [19] show that odd-leg spin ladders are gapless and exhibit properties similar to those of an antiferromagnetic Heisenberg chain. Meanwhile, even-leg spin ladders have a spin-liquid ground state with a finite spin gap (∆) and exhibit superconductivity when hole doped. Only a few cuprate inorganic spin ladders have been studied, such as (Sr, Ca) 14 Cu 24 O 41, 6,20 Sr n−1 Cu n+1 O 2n (n = 3, 5), [16] [17] [18] [19] and LaCuO 2.5 . 21, 22 The widely studied spin ladder (Sr, Ca) 14 Cu 24 O 41 is composed of stacks of CuO 2 chain layers and Cu 2 O 3 two-leg ladder layers. Ladders formed by Cu-O-Cu bond angles of 180º build up a strong intra-ladder antiferromagnetic interaction by the superexchange path, while inter-ladder coupling is very weak because of weak ferromagnetic interaction due to Cu-OCu bond angles of 90º. Since the average valence of Cu is +2.25, such a compound is intrinsically doped with holes. Extensive conductivity studies have led to the realization of theoretically predicted superconducting T c of 12 K and 9 K under high pressures of 3.0 GPa and 4.5 GPa, respectively. 6 However, the hole doped two-leg spin ladder, (La,Sr)CuO 2.5 , does not show superconductivity even at high pressures. 22, 23 In this case, the absence of superconductivity can be attributed to strong interladder interactions. [24] [25] [26] An ideal spin ladder, i.e., a ladder without inter-ladder interactions, is therefore essential for studies on the superconductivity mechanism in spin ladders. Molecular spin ladders [27] [28] [29] [30] [31] [32] [33] [38] [39] [40] [41] [42] wherein the π-π overlap and S•••S contacts provide the intra-ladder interactions, Table 1 . Crystallographic data for Cu2(CO3)(ClO4)2(NH3)6 (1) and Cu2(CO3)(ClO4)2(H2O)(NH3)5 (2 and the arrangement of cations between the ladders reduces the inter-ladder interactions. However, these molecular spin ladders, which rely on weak intermolecular forces for their structure, cannot sustain their configuration when doped. In fact, successful doping in a molecular spin ladder has not been reported so far. The construction of a cuprate spin ladder without inter-ladder interactions is, therefore, a critical task for studying the mechanism of high-T c superconductivity. In this study, we describe the synthesis of two such magnetically isolated spin-1/2 ladders with copper cations (Cu 2+ ) and carbonate anions (CO 3 2− 
X-ray Crystallography.
Diffraction data for crystals of 1 and 2 were collected on a Bruker SMART APEX II CCD diffractometer with graphitemonochromated Mo Kα radiation, λ = 0.71073 Å. The single crystal of 1 was mounted in a stream of cold nitrogen gas and measured at 173 K. In case of 2, to study phase transitions, a single crystal was measured both at room temperature and 100 K to determine high-temperature (HT) and low-temperature (LT) phases, respectively. Numerical and empirical absorption corrections were applied to data collected from 1 and 2, respectively. The structures were solved via direct methods by SIR 97 and refined by least squares using SHELX-97. The isotropically refined hydrogen atoms of ammonia were placed at calculated positions, and the positions of hydrogen atoms of water were not defined. Crystallographic details and data collection parameters for 1 and 2 are given in Table 1 .
DSC Measurements.
Phase transition in 2 was analyzed by differential scanning calorimetry (DSC) measurements (DSC 8230, Rigaku Inc.) from 160 K to 250 K using a temperature sweep rate of ±5 K min -1 .
Magnetic Susceptibility Measurements.
The magnetic susceptibility measurement data for 1 and 2 were collected using a superconducting quantum interference device (SQUID) magnetometer (MPMS-5S, Quantum Design, Inc.). The temperature dependence of the molar magnetic susceptibilities was measured in an applied magnetic field of 5,000 Oe for 1 and 10,000 Oe for 2. For 2, additional measurements were conducted by increasing and decreasing temperature between 195 K and 215 K with a finer temperature step.
Results and discussion

Structures.
Compound 1 adopts the orthorhombic Pbam space group. The observed ladder structure in 1 is disordered; one ladder overlaps with another oppositely orientated crystallographically equivalent ladder (Fig. S1, Supporting Information) . One of the two disordered ladders is depicted in Fig. 1a ; this ladder is formed by stacking a structural unit composed of two Cu 2+ ions with coordinated ammonium molecules (NH 3 ) and one CO 3 2-. The thermal ellipsoid plot (50% probability level) of the partial structure of the ladder with the atom labeling scheme is shown in Fig. 1b . Crystallographically independent Cu1 is hexacoordinated; three oxygen atoms of CO 3 2− and three nitrogen atoms of NH 3 (Fig. 1a) . Fig. 1c depicts the packing structure of 1 viewed along the caxis (the ladder leg direction), showing the geometry of the stacked ladders. The strong inter-ladder interactions promote magnetic ordering in the ground state of a spin ladder, e.g., in the compound LaCuO 2.5 . [21] [22] [23] [24] [25] [26] In LaCuO 2.5 , strong inter-ladder interactions are observed owing to the presence of Cu-O-Cu inter-ladder coordination bonds. By contrast, a ladder in 1 is not coordinately connected to another ladder. In addition, uncoordinated counter anions ClO 4 − , located between the ladders, separate the ladders by 7.4 Å, further ensuring that each ladder is magnetically isolated.
Single-crystal X-ray diffraction measurements of 2 at room temperature (HT) and 100 K (LT) reveal that the compound belongs to the orthorhombic Pnma space group, irrespective of the temperature. Even though the crystal structure of the HT phase is similar to that of the LT phase, the results of magnetic susceptibility (Fig. S2, Supporting Information) , DSC (Fig. S3 , Supporting Information), and ESR measurements (Fig. S4 , Supporting Information) indicate that there is a structural first order phase transition taking place at ~205K. Such phase transitions have been frequently reported for coordination compounds and involve the conversion of the equatorial and axial positions on the Cu 2+ ion. 43, 44 The ladder structure of the LT phase is depicted in Fig. 2a , and a thermal ellipsoid plot (50% probability level) of the partial structure of the distorted ladder with the atom numbering scheme is shown in Fig. 2b . The ladder structure of 2 has Cu 2+ ions coordinated to NH 3 and H 2 O in two distinct environments. In one setting, Cu 2+ (Cu1) forms a distorted octahedral geometry with three oxygen atoms from CO 3 2− and three nitrogen atoms from NH 3 , where the Cu-O and Cu-N bond lengths are 2.003-2.622 Å and 2.005-2.034 Å, respectively, and the axis elongated by the Jahn-Teller effect is along the ladder leg (O1(a)-Cu1(a)-O2(b); see Fig. 2b ). The other Cu 2+ (Cu2) forms a penta-coordinated pyramidal geometry with two oxygen atoms from CO 3 2− , two nitrogen atoms from NH 3 molecules, and one water molecule, wherein the Cu-O and Cu-N bond lengths are 1.946-2.221 Å and 1.991 Å, respectively, and the elongation of axis by the Jahn-Teller effect is observed along the rung of the ladder (Cu2(a)-O3(a); See Fig. 2b) . The ladder configuration in 1 is slightly different from that in 2. In 1, a symmetric unit is composed of two Cu 2+ ions and one CO 3 2− stacked along the ladder leg, while in 2, the structural unit is composed of two Cu 2+ ions and a skewed CO 3 2− stacked along the ladder leg. In 2, the CO 3 2− is skewed alternately in two different directions; consequently, alternating bonds between Cu 2+ and an oxygen along the ladder leg are broken (Fig. 2a) . Fig. 2c is a perspective view of the crystal structure of 2 along the a-axis (the ladder leg direction) showing the geometrical stacks of distorted ladders. The counter anions (ClO 4 − ) are situated between the ladders, and the shortest distance between the adjacent ladders is estimated to be 6.2 Å.
Magnetic Properties.
The temperature-dependent molar magnetic susceptibility, χ m , of 1 measured at 5000 Oe is shown in Fig. 3 , where contributions from temperature-independent magnetic components-e.g., a diamagnetic component of -8.01 × 10 −5 emu mol −1 -are subtracted. The instability of crystals of 1 during long periods of exposure to air results in increased Curie component, which can be attributed to the paramagnetic impurities. Note that to aid accurate analysis, molar magnetic susceptibilities of 1 at temperatures <20 K are not included in Fig. 3 (Fig. S5 shows the extended data) . With decrease in temperature, the value of χ m initially increases gradually, showing a broad peak with its maxima at ~220 K (typical of low-dimensional antiferromagnetic compounds), and subsequently decreases exponentially with a finite spin gap. At low temperatures (<50 K), a prominent Curie tail is observed. The temperature dependence of molar magnetic susceptibility of 1 is modeled according to the following Hamiltonian:
where J 1 and J 2 are the exchange magnetic interactions that link spin operator S n,i along the ladder rung and leg, respectively, and J is defined as positive (negative) for antiferromagnetic (ferromagnetic) interactions. All experimentally measured magnetic susceptibility values for temperatures >20 K were fitted to the S = 1/2 magnetically isolated spin-ladder model 45 with a Curie term C imp /T,
with four independent variables: ladder-rung magnetic interaction J 1 (see Fig. 3 ), ladder-leg magnetic interaction J 2 (see Fig. 3 ), g, and C imp (which is the Curie contribution owing to paramagnetic impurities; details of eq. 2 are provided in Supporting Information). The resulting good fit (see Fig 3, blue solid line) with J 1 /k B = 364 K, J 2 /k B = 27.4 K, g = 2.23, and C imp = 0.00660 emu K mol −1 suggests that the magnetic structure is an ideal magnetically isolated spin ladder. It is noted that the results of the fitting slightly change depending on the impurity concentrations (see Fig. S6-S8 ). The spin gap can be calculated to be ∆/k B = 338 K from the theoretical equation, ) have been subtracted from the data. With decrease in temperature, the χ m values gradually increase in accordance with the Curie law. After showing a peak at ~4 K, the values decrease because of the magnetic interaction between Cu 2+ ions. We reinvestigated the molar susceptibility of 2 in the 195 -215 K temperature range with a finer temperature step to study the phase transition. The observed weak hysteresis in susceptibility data of HT and LT phases (Fig. S2 ) reveals that the phase transition in this region influences the magnetic behavior of 2.
Attempts to fit the susceptibility data obtained from 2 with the aforementioned S = 1/2 magnetically isolated spin-ladder model (eq. 2) and with the assumption that J 4 = J 5 (Fig. 4) are unsuccessful, indicating that one of the ladder-leg magnetic interaction (J 5 ) is significantly smaller than the other (J 4 ). Therefore, eq. 5 ignores the contribution of J 5 and is composed of a Curie term C imp /T (due to impurities) and an alternating chain model based on the following Hamiltonian (eq. 4), 47 ‫ܪ‬
where α (0 ≤ α ≤ 1) is the alternation parameter, x = |J|/k B T, and the coefficients A-F are described in Supporting Information. The best fit is obtained for J 3 /k B = 7.26 K, J 4 /k B = 4.42 K (α = 0.609), g = 2.20, and C imp = 0.0180 emu K mol -1 , which indicates that the magnetic configuration of 2 can be considered to be an antiferromagnetic Heisenberg chain with alternating exchange (see Fig. 4 ). The widely employed Goodenough-Kanamori-Anderson rules estimate the magnetic interaction between two magnetic ions through a superexchange pathway, [48] [49] [50] wherein a 180° superexchange of two magnetic ions with partially filled d shells is strongly antiferromagnetic, while a 90° superexchange interaction is very weakly ferromagnetic. The magnetic interactions along the ladder rung in both our compounds are determined to be antiferromagnetic from magnetic susceptibility measurements, despite the fact that the Cu-O-Cu bond angle is close to 90° (Table S1, Table S2, Table S3 , Supporting Information). Previous reports contain several similar examples of complexes composed of Cu 2+ ions and CO 3 2− . [51] [52] [53] A comparison of the magnitudes of magnetic interactions of ladder rung and leg in 1 indicates that the interaction along the ladder rung is significantly larger than that along the ladder leg. This large difference in the magnitude of the two interactions is considered to influence not only the distances between Cu 2+ ions but also the coordination configuration of Cu-O-Cu. In the ladder structure of 1, the octahedral geometry around Cu 2+ ion is elongated along the ladder leg by the Jahn-Teller effect (O6(a)-Cu1(a)-O6(c) and O6(b)-Cu1(b)-O6(d); see Fig. 1b) . As a result, the spin density in the d z2 orbital along the axial coordination site is very low, and the magnetic orbitals are nearly orthogonal to the d x2−y2 orbital. Consequently, the ladder-leg interaction through the superexchange pathway between axial sites (d z2 -d z2 ) is significantly smaller than the ladder-rung interaction between magnetic orbitals (d x2−y2 -d x2−y2 ). The estimated magnetic interactions in 1 are consistent with those reported for Cu 2+ tetramer coordinated to CO 3 2− , which have a configuration similar to that of the structural unit of the ladder in 1. [51] [52] [53] Similar considerations for compound 2 reveal why the ladderrung (J 3 ) and ladder-leg (J 4 ) magnetic interactions are of similar magnitudes, but weaker than ladder-rung interaction (J 1 ) in 1. The Jahn-Teller effect on the octahedrally coordinated Cu 2+ ion in 2 elongates the axis along the ladder leg (O1(a)-Cu1(a)-O2(b); see Fig. 2b ), while a similar effect on pyramidally coordinated Cu 2+ ions elongates the axis along the ladder rung (Cu2(a)-O3(a); see Fig. 2b ). Therefore, magnetic interactions in ladder rung and leg in 2 occur through a weak superexchange pathway between axial and equatorial orbitals.
